Land degradation and soil fertility deterioration are two of the main causes of agricultural production stagnation and decline in many parts of the world. The model of crop production based on mechanical soil tillage and exposed soils is typically accompanied by negative effects on the natural resource base of the farming environment, which can be so serious that they jeopardize agricultural productive potential in the future. This form of agriculture is destructive to soil health and accelerates the loss of soil by increasing its mineralization and erosion rates. Conservation agriculture, a system avoiding or minimizing soil mechanical disturbance (no-tillage) combined with soil cover and crop diversification, is considered a sustainable agro-ecological approach to resource-conserving agricultural production. A major objective of tillage is supposed to be weed control, and it does not require very specific knowledge because soil inversion controls (at least temporarily) most weeds mechanically (i.e., by way of burying them). However, repeated ploughing only changes the weed population, but does not control weeds in the long term. The same applies to the mechanical uprooting of weeds. While in the short term some tillage operations can control weeds on farms, tillage systems can increase and propagate weeds off-farm. The absence of tillage, under conservation agriculture, requires other measures of weed control. One of the ways in which this is realized is through herbicide application. However, environmental concerns, herbicide resistance and access to appropriate agro-chemicals on the part of resource-poor farmers, highlight the need for alternative weed control strategies that are effective and accessible for smallholders adopting conservation agriculture. Farmers in semi-arid regions contend with the additional challenge of low biomass production and, often, competition with livestock enterprises, which limit the potential weed-suppressing benefits of mulch and living cover crops. This paper reviews the applicability and efficacy of various mechanical, biological and integrated weed management strategies for the effective and sustainable management of weeds in smallholder conservation agriculture systems, including the role of appropriate equipment and prerequisites for smallholders within a sustainable intensification scenario.
production systems, they should be considered and anticipated, particularly for the first years, until the soil seed bank accumulated during tillage years has been substantially depleted.
In addressing weed control challenges, scientific studies have provided evidence that minimum and no-tillage induce shifts of weed population particularly towards perennial weeds, thus creating a long-lasting weed problem [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Moreover, annual weeds such as Kochia (Kochia scoparia (L.) Schrad.) and Russian thistle (Salsola iberica Sennen & Pau) are controlled in tillage-based systems but often thrive in minimum and no-tillage systems [18] . In general, small-seeded weeds that require light to break dormancy will likely become the dominant weed species in minimum and no-tillage systems, including in the first years of adoption of CA. Thus, effective weed management is considered a critical issue and determines success in minimum and no-tillage based systems and CA [19] [20] [21] [22] [23] [24] .
Success with adoption of minimum and no-tillage, as reported in several publications, is attributed to the use of herbicides to control weeds, reduce inherent yield loss and cope with lack of labor in most countries [25] [26] [27] . Indeed in many cases, in minimum and no-tillage, herbicides are considered as an alternative to the primary tillage, done in tillage-based systems, for pre-planting weed control [28] [29] [30] [31] [32] [33] [34] [35] [36] . Several authors indicate that herbicides have reduced reliance on traditional tillage methods to control weeds and have led to the adoption of minimum and no-tillage practices [37] . Even when cover crops are grown for mulching and weed control, burn-down herbicides are often used to kill the vegetation before planting.
Herbicide-based no-till is problematic for several reasons. The herbicides commonly used for weed control, as a replacement for primary tillage, include 2, 4-D, dicamba, diflufenzopyr, fluometuron, glyphosate, glufosinate and paraquat. Alternatives are yet to be identified for some of the herbicides on this list that includes slightly (Class III) or moderately (Class II) hazardous herbicides that can be harmful to human health and the environment. Actually, the challenge of using herbicides for weed control in minimum and no-tillage and CA is further complicated by the fact that mechanical incorporation of herbicides into the soil is not possible with no-tillage or ridge-till systems, which limits herbicide options to only post-emergence.
As a consequence of the use of herbicides, resistance of several weed species in minimum and no-tillage systems has been reported, and cases of multiple-resistance of the same weed species to several herbicides have also been documented [38, 39] . For example, cutleaf evening primrose (Oenothera laciniate Hill) has become resistant to glyphosate and paraquat [33, 40, 41] . Therefore, alternatives to herbicides should be promoted to support adoption of CA in a farming environment where resistance to herbicides has occurred.
Commercial release of glyphosate resistant crops has simplified weed control and in some regions the adoption of minimum and no-tillage, however, a negative aspect is that multiple applications of the herbicide are now typical, in the absence of other weed management strategies (including those before crop emergence and additional in-season treatments to control weeds that emerge after crop planting). Such a huge selection pressure induced by the use of a single herbicide has quickly led to the emergence of glyphosate-resistant weeds [42] [43] [44] [45] [46] [47] . CA systems, with their emphasis on crop rotations and associations, will reduce weed pressure, however, there is a challenge for farmers who engage in CA in an environment where resistance to glyphosate has occurred, as this will reduce the applicability of the herbicide.
Clearly, unless weed management is sustainably addressed in CA, particularly in the first years, weed pressure, weed resistance and inherent crop yield losses may deter farmers from adopting conservation practices such as direct seeding. Instead, farmers will continue to rely on tillage which contributes to problems such as soil erosion, degradation of soil quality, high carbon footprint and yield reduction in the long run [48] [49] [50] [51] [52] .
Soil erosion and soil degradation, inherent in tillage-based systems, increase environmental pollution from agricultural chemical inputs such as fertilizers and pesticides [53] . In fact, soil erosion and degradation jeopardize sustainability of crop production and ecosystem services as well as threaten global food security in the long run [54] .
To avoid soil erosion and degradation and to improve soil health, CA appears to be an appropriate solution [55] . However, to support adoption of CA, weed management challenges should be anticipated and addressed with practical solutions, particularly for small-scale farmers, because they are vulnerable and may quickly get trapped in a vicious weed cycle that goes along with poverty and migration as depicted in Figure 1 . To avoid soil erosion and degradation and to improve soil health, CA appears to be an appropriate solution [55] . However, to support adoption of CA, weed management challenges should be anticipated and addressed with practical solutions, particularly for small-scale farmers, because they are vulnerable and may quickly get trapped in a vicious weed cycle that goes along with poverty and migration as depicted in Figure 1 . The vicious weed cycle is real in most developing countries, particularly for smallholders, because when a weed population evolves in a field it is relatively constant from year to year, whereas insect and disease outbreaks can be sporadic. Moreover, weeds compete with crops for the same resources: water; nutrients; light and carbon dioxide [57] . Furthermore, weeds are alternate hosts and harbor crop pests and pathogens. In addition, some weeds lack autotrophy and fully develop only by parasitizing crops or wild hosts. This is the case with several species of Striga, Orobanche, Cuscuta, Cassytha, etc. [58] . As a result of the interference of speargrass (Imperata cylindrica (L.) P.Beauv.) yield loss can be as high as 80% in cassava (Manihot esculenta Crantz) and 50% in maize (Zea mays L.) [59, 60] . Heavy infestations of parasitic weeds often inflict 60% to 90% yield loss [61] ; in China, ten million tons of rice are lost annually due to weed interference [62] . Weedy rice (Oryza spp.), a close relative of cultivated rice (Oryza sativa L. or Oryza glaberrima Steud.), can cause up to 70% yield loss to cultivated rice [63, 64] .
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Preventive Weed Management
Preventive weed management focuses on impeding the introduction of new or additional weed populations and reducing the overall emergence and propagation of weeds in the field [65] .
For preventive weed management understanding what type of weeds are prevalent in the field and why, is important. Important information includes mode of reproduction, locations of greatest weed densities, and weed population seasonal dynamics. The farm weed flora are largely influenced by climate and the agroecological status of the field. Thus, farmers need to be aware of the lifecycle of the weed species and have the knowledge on when to take the necessary action in order to prevent multiplication of the weed population [66] . The following are examples of actions that can be taken to prevent weed pressure building. The vicious weed cycle is real in most developing countries, particularly for smallholders, because when a weed population evolves in a field it is relatively constant from year to year, whereas insect and disease outbreaks can be sporadic. Moreover, weeds compete with crops for the same resources: water; nutrients; light and carbon dioxide [57] . Furthermore, weeds are alternate hosts and harbor crop pests and pathogens. In addition, some weeds lack autotrophy and fully develop only by parasitizing crops or wild hosts. This is the case with several species of Striga, Orobanche, Cuscuta, Cassytha, etc. [58] . As a result of the interference of speargrass (Imperata cylindrica (L.) P.Beauv.) yield loss can be as high as 80% in cassava (Manihot esculenta Crantz) and 50% in maize (Zea mays L.) [59, 60] . Heavy infestations of parasitic weeds often inflict 60% to 90% yield loss [61] ; in China, ten million tons of rice are lost annually due to weed interference [62] . Weedy rice (Oryza spp.), a close relative of cultivated rice (Oryza sativa L. or Oryza glaberrima Steud.), can cause up to 70% yield loss to cultivated rice [63, 64] .
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Preventive Weed Management
For preventive weed management understanding what type of weeds are prevalent in the field and why, is important. Important information includes mode of reproduction, locations of greatest weed densities, and weed population seasonal dynamics. The farm weed flora are largely influenced by climate and the agroecological status of the field. Thus, farmers need to be aware of the lifecycle of the weed species and have the knowledge on when to take the necessary action in order to prevent multiplication of the weed population [66] . The following are examples of actions that can be taken to prevent weed pressure building.
Quality Planting Material and Clean Equipment
To ensure that weed propagules are not introduced to the field from the external environment, use of good quality crop seeds, clean machinery or tools, uncontaminated sources of irrigation and manure applied, are all important.
Quality planting material devoid of weed propagules is particularly important to avoid propagation of noxious weeds, specified by law as being undesirable, troublesome and difficult to control because of their aggressive biological characteristics and geographical coverage. A list of major noxious weeds in sub-Saharan Africa is provided in [67] .
Reduced Weed Seed Bank in Ecological Weed Management
Reducing the weed seed bank is particularly important during the first 2-3 years after transition to CA, as the seed bank in the soil will likely be well filled initially. To deplete the weed seed bank, weed seed-set should be avoided by all means and needs to be addressed in a holistic way.
This section discusses the methods that can be used to reduce the weed seeds available in the soil to provide the next generation of weed plants that can potentially compete with the crop.
•
Seed predation in ecological weed management Surface accumulation of seeds under no-tillage should increase their susceptibility to predation by insects, rodents and birds [68] . This can be a useful avenue for ecological weed management [69] . Less disruptive (or zero) soil tillage coupled with greater plant populations and diversity have been found to favour weed seed predation, especially by arthropods. A positive example is the use of cover crops which have often been found to encourage weed seed predating insects [70] .
Beetle strips
One way of encouraging beetles and other seed predating arthropods into the cropping area is by means of establishing beetle banks at strategic points in the fields ( Figure 2 ). Beetle banks can comprise natural vegetation, or, if weed seeds are likely to be a problem, can be sown with coarse and tussocky grass species (such as Dactylis and Phleum spp. in temperate regions [71] ). 
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•
One way of encouraging beetles and other seed predating arthropods into the cropping area is by means of establishing beetle banks at strategic points in the fields ( Figure 2 ). Beetle banks can comprise natural vegetation, or, if weed seeds are likely to be a problem, can be sown with coarse and tussocky grass species (such as Dactylis and Phleum spp. in temperate regions [71] ). The banks not only provide a haven for seed predators, but also for predators of crop pests such as slugs and aphids. Rove and ground beetles (Staphylinidae and Carabidae respectively) are particularly useful in this respect in temperate climates. Banks can be augmented by leaving (or establishing) vegetation in the field margins and can be sown with nectar-and pollen-rich flora which will encourage pollinating insects-especially bees. Beetle banks established on the contour will also have an effect on reducing the length of run-off slopes and, as they slow any overland water flow, The banks not only provide a haven for seed predators, but also for predators of crop pests such as slugs and aphids. Rove and ground beetles (Staphylinidae and Carabidae respectively) are particularly useful in this respect in temperate climates. Banks can be augmented by leaving (or establishing) vegetation in the field margins and can be sown with nectar-and pollen-rich flora which will encourage pollinating insects-especially bees. Beetle banks established on the contour will also have an effect on reducing the length of run-off slopes and, as they slow any overland water flow, will encourage sedimentation of any soil particles [72] . Thus the banks are dual purpose, serving both as a refuge for useful predators and a brake on potential soil erosion.
Seed decay
Weed seed decay is a means of reducing the weed seed bank and is, according to Bàrberi [70] , still a poorly understood mechanism that includes, for example, the creation of soil conditions that encourage fungal infection of weed seeds. A method of controlling the notoriously noxious weed of cereal crops-blackgrass (Alopecurus myosuroides Huds.)-with no-tillage practices is a good example [68, 73] . Up to 80% of blackgrass seeds perish each year in undisturbed (i.e., direct-drilled) soil and so only 20% of the previous year's seed bank will germinate. After ten years of no-tillage one farmer in Lincolnshire, UK, finds that occasional hand-rogueing is all that is required.
Increased germination
Weed seeds can be encouraged to germinate and then be eliminated by mechanical or chemical control methods [15] . Generally, this technique will be marginal to CA systems if it involves excessive mechanical manipulation of the soil surface to encourage weed seed germination in a favorable 'seed-bed'. In smallholder situations, with limited land area and little mechanization, light surface scraping of the soil with the hand-hoe can be enough to initiate a phytochrome-mediated germination process in certain weed seeds [74] . Emerged seedlings can then be eliminated during a subsequent surface scraping operation [53] and this light operation can be considered compatible with CA. Phytochrome-mediated weed seed germination is also reduced with direct planters designed to cover the minimally disturbed seeding slot with soil and mulch to create 'invisible' no-tillage seeding and so reduce weed germination and emergence [75] .
Encouraging weed germination by soil cultivation is not, as we have seen, compatible with true CA systems where the soil remains undisturbed and is covered by organic residues [76] . Weed seeds incorporated in the soil profile can remain dormant resulting in lower weed densities under a no-tillage regime. With weed seeds becoming more concentrated in the upper soil profile under CA [73] , it can become possible to eliminate the first flush of germination before establishing the crop-in effect a type of stale seed-bed taking advantage of suicidal weed seed germination which is subsequently controlled with herbicides.
• Solarization
The elimination of weed seeds by thermal treatments, such as solarization, has limited potential in CA systems. It can only be considered as potentially applicable in situations of low biomass production which limit soil surface mulch cover with its weed-suppressing attributes. Solarization is achieved by placing plastic sheeting over the soil surface [53] which increases the soil surface temperature to a level sufficient to kill weed seeds. The problem is that high temperatures can also be lethal to bacteria and fungi [53] and so this method of weed seed elimination is not entirely compatible with CA and should only be used for particularly problematic weeds, such as noxious weeds that farmers have the obligation by law to eliminate from their fields. Yellow nutsedge (Cyperus esculentus L.) can be controlled by using clear plastic sheet cover for 90 days during a summer fallow [53] ; but, of course no crop could be grown during this time. The practice is also of little use against weed seeds that have been deeply buried by soil inversion tillage.
Prevention of Weed Seed Production and Shedding in Ecological Weed Management
Rather than killing emerged weeds, perhaps a better strategy would be to prevent additional weed seeds from being shed and then stored in the soil seed bank. The following are some possibilities to help achieve this goal:
•
Harvest weed seed control Smallholders will often have access to combines for cereal crop harvesting via mechanization service providers offering a custom hire service to multiple clients. Consequently, methods to harvest weed seeds at crop combining time are both very effective at reducing the soil weed seed bank and relevant to smallholder CA systems. Harvest weed seed control practices include chaff carts, narrow-windrow burning, weed seed milling and bale-direct systems [77] .
Chaff carts are attached to the rear of the combine harvester to collect chaff and weed seeds and transfer them to a wheeled bulk collection bin-the chaff cart-for removal from the field for safe disposal (usually by burning).
In narrow-windrow burning the combine incorporates a chute at the rear to direct chaff and weed seeds into a narrow row-this could be along the combine wheel track and so is especially useful in controlled traffic systems. These narrow rows are subsequently burned (the concentrated chaff reaches very high temperatures which are lethal to weed seeds). Note that the entire field is not burned and the dispersed crop residue (straw and stover) is left as a surface mulch. However, there is some loss of nutrients to the system when the chaff and weed seed mixture is destroyed.
Weed seed milling (for example with the Harrington Seed Destructor [78] ). Superficially similar to the chaff cart, the weed seed mill is trailed behind the combine. The chaff/weed seed mixture is collected by a hydraulically driven cross auger and fan and then forced through a cage mill with rotating blades that pulverize the seed and force out the flour through the cage. The crushed mixture, with all its nutrients, can then be returned to the field [79] . Multi-stage hammer mills can also be employed.
Finally, the bale-direct system comprises a trailed baler which captures the chaff/weed seed mixture and bales it for removal from the field.
Weed header
It is important to prevent weeds that do become established in a crop from producing and shedding seeds. To remove weed flowers growing above crop height a weed header can be used to decapitate them [80] . The power-take-off-driven machine has a series (14 on the 10 m version) of 4-blade horizontal rotors beneath the canopy (Figure 3 ). The machine must be used before the weed seeds fully mature and this usually means within a few days of the seed head appearing above the crop. It can be a highly effective tool in organic farming and has also been found to give good control of the previously mentioned notorious blackgrass in temperate climate agriculture [81] . relevant to smallholder CA systems. Harvest weed seed control practices include chaff carts, narrowwindrow burning, weed seed milling and bale-direct systems [77] . Chaff carts are attached to the rear of the combine harvester to collect chaff and weed seeds and transfer them to a wheeled bulk collection bin-the chaff cart-for removal from the field for safe disposal (usually by burning).
It is important to prevent weeds that do become established in a crop from producing and shedding seeds. To remove weed flowers growing above crop height a weed header can be used to decapitate them [80] . The power-take-off-driven machine has a series (14 on the 10 m version) of 4blade horizontal rotors beneath the canopy (Figure 3 ). The machine must be used before the weed seeds fully mature and this usually means within a few days of the seed head appearing above the crop. It can be a highly effective tool in organic farming and has also been found to give good control of the previously mentioned notorious blackgrass in temperate climate agriculture [81] . 
Cultural Weed Management
Reduction in Seedling Emergence
•
Identification of farm weed flora and most suitable initial crop
As described briefly in preventive weed management, the first step of effective weed management is to understand the farm weed flora. Weed proliferation depends on a variety of factors, such as soil cover and soil moisture. Depending on what type of weeds are present in the field, and what crop is intended to be grown, the farmer should understand (or be advised on) the economic threshold of weeding the existing weed population. Weed populations tend to thrive in similar conditions to those of the intended crop, so continuous production of the same or similar crops on the same land can enhance the proliferation of a certain weed species. When converting to conservation agricultural practices from conventional practice there may be an initial stronger weed establishment, and it is advisable to select more competitive types of crops. In general cereal crops are considered more competitive than leguminous crops [82] . However, on farms where a parasitic weed such as Striga (Striga hermonthica (Delile) Benth.) on cereal crops is of a major concern, preference should be given to leguminous trap crops that induce suicidal germination. Suicidal germination induced by a leguminous trap crop will deplete the Striga seed bank and also improve soil fertility through biological nitrogen fixation.
Critical period of weeding
Crops are able to resist some weed pressure, and it is critical to understand what level at what growing period weed pressure/density can be tolerated and does not reach the economic threshold. Perhaps this is the most difficult decision farmers need to make, as the weed-crop dynamic is affected by multiple factors. From this perspective it is important that the yield reducing potential of the weed species is known to the farmer or the extension agent advising the farmer on weed management.
Crop rotation and trap crops A good crop rotation is a key element of a forward-looking management plan to reduce weed pressure and hence time and cost of weed management over time, and any effort to promote CA should emphasize the importance of an intensive (in space) and diversified (in time) crop rotation in support of no-till. There are different reasons for this and different rules to sequence the crops in rotation.
The priority in CA is to avoid leaving the soil bare. Crop, and especially cover crop, rotations can also include species that provide a quick and dense ground cover to outgrow the weeds, or species that can produce large quantities of slow decomposing biomass that can then be followed by a main crop. If the growing season is too short and sufficient water is available, the second crop can be relayed into the main one, or a cover crop can be grown for mulch production purposes. In this case the cover crop does not necessarily need to complete its growing cycle and produce seed. Other rules for a good crop rotation are that low residue crops should not follow other low residue crops; and that weed suppressing crops should precede slow-growing crops because these are more susceptible to weed competition.
As mentioned earlier, continuous production of a crop in a given field can promote proliferation of certain weed populations, blackgrass in cereal crops is a prime example. To cut this cycle, crop rotation is an effective cultural management technique. Introducing different types of crops into the system can help disrupt the spatial competition between crops and weeds both above-and under-ground. Crop rotation of annual and biennial or perennial crops can be effective, as well as graminaceous and leguminous crop rotations. They should maintain a positive nitrogen balance and ensure a balance of cash crops and functional crops.
Incorporation of crops with allelopathic characteristics to inhibit weed growth could also be considered; historically, crops such as buckwheat (Fagopyrum esculentum Moench), black mustard (Brassica nigra L.), sunflower (Helianthus spp.), black walnut (Juglans nigra L.) and cereal crops such as sorghum (Sorghum bicolor (L.) Moench), wheat (Triticum spp.), barley (Hordeum vulgare L.), oats (Avena sativa L.) and rye (Secale cereal L.) have been widely reported to suppress annual weed species [83] . They are crops producing allelo-chemicals that can inhibit the growth of another plant. The biochemical compounds produced by allelopathic plants are not known to be harmful to humans; they are usually volatile and broken down in a short amount of time [83] . Allelopathic cultivars can also be considered for incorporation into the crop rotation.
With regard to trap crops, recommended to deplete the seed bank of parasitic weeds, examples include varieties of cowpea (Vigna unguiculate (L.) Walp.), soybean (Glycine max (L.) Merr.) and peanut (Arachis hypogaea L.) that induce suicidal germination of the seeds of Striga [84] . They stimulate Striga seeds to germinate while they are false hosts that cannot be parasitized. Thus, germinated seeds die off and the Striga seed bank is substantially depleted.
Photo-control Photo-control of weeds is done, in CA, through night time direct planting, to reduce the germination of weed seeds that are light sensitive [85] . While the effectiveness of this method is widely debated, it is seen as a potential component of an integrated weed management regime. Depending on what weed flora are present, it can be determined whether this method would be an effective one or not. Seed germination tests with and without light can be performed to assess the presence of light sensitive species.
• Mulching
Mulching provides soil cover when the crop is not present or during the planting season. The main function of the mulch is to prevent/reduce light from reaching the soil surface to inhibit weed germination. Under CA, use of organic mulch (live/green mulch or crop/plant residue) is desired, although there are non-living mulch materials such as plastic widely used in different cropping systems. In order to function effectively, mulch requires to be thick enough to cover the soil surface sufficiently.
When using crop residues, it is important to ensure that the residue is evenly distributed on the soil surface to complete the cover. Distribution of residue can be done mechanically during harvest, or manually. However, this could be a labor intensive activity depending on the type of residue and biomass used for mulching. Farmers must assess biomass and labor availability vis a vis weed pressure. In semi-arid regions and in smallholder farms, crop residue may not be readily available, or compete with use for animal feed.
Other benefits of using (organic) mulch include conservation of soil and its moisture, regulation of soil temperature, and reduction of pests and diseases. However, when excess moisture is on the ground, fungal disease can increase and pests such as slugs and rodents may become an intermittent problem [6, 7] .
Improved Crop Competitiveness
• Timeliness of seeding operations
Timely seeding of crops is essential in dry climates to ensure the efficient use of soil moisture and of the growing season. Depending on the type of weeds present, seeding timing can be adjusted to improve the crop competitiveness. Here again, a good understanding of weed type and its life cycle is important, as they also have a specific germination condition and timing [86] .
•
Seed rate and sowing pattern Adjusting the crop density can also contribute to reducing weed population and increase crop competitiveness. This is due to the crop increasing its leaf area index and suppressing the weed germination or growth.
• Transplanting
Transplanting can help give crops an advantage of early growth to increase its competitiveness. Rice transplanting in a flooded field is a typical example of this practice, but other grain crops such as sorghum and millet (several species of Poaceae) may also be transplanted. Transplanting of sorghum or millet, drastically reduces Striga parasitism and improves yield on infested farms. This is a common practice in sub-Saharan Africa [61] .
• Fertilization
Weed species and crop species compete for light, water and nutrients. Targeted fertilization can give an advantage to the intended crop. In the specific case of the root parasitic weed Striga, targeted application of nitrogen and phosphorus fertilizers may substantially reduce infestation on cereal crops.
•
The role of irrigation Similar to fertilization, targeted irrigation such as drip irrigation can provide an advantage to the main crop. At the other end of the spectrum, flooding is also used as a way to reduce weed germination and growth; however, if the flooding is maintained for a longer period it affects the aerobic soil life which is again detrimental in CA systems.
Competitive genotypes
Within a species, faster growing varieties may have an advantage over slow maturing varieties. Genotypes that have dwarf characteristics, or broader leaf area index may also have an advantage. When choosing the variety to plant, these criteria can be taken into consideration depending on the weed types present in the field. Crop cultivars with allelopathic characteristics could be considered also; however, the use of allelopathy is not widely known and further research is required to assess this characteristic in many plant species.
Multi-cropping systems
To some extent this section overlaps with the previous section on crop rotation; our intention is to reinforce the message that increased biodiversity in cropping systems is generally beneficial in ecological weed management. Multi-cropping systems include intercrops, living mulches or cover crops, relay cropping and agroforestry. The wider the crop rotation, the more efficient the weed control [87] . The inclusion of species that provide a rapid and dense ground cover smothers weeds. In particular, embracing enough grasses produces a large quantity of slow decomposing residues. Examples of high biomass production mulch crops include: cereal rye, sorghum, radishes (Raphanus spp.), and legumes such as hairy vetch (Vicia villosa Roth).
During pre-emergence and growth of the main crop, cover crops can be used to suppress weed germination either physically or allelopathically. To shade out weeds, the crop rotation should produce adequate biomass by crop successions and/or outcompete weeds by fast growth and dense canopy cover. Dense seeding provides a better ground cover and shades out, and thus suppresses, weeds. Although a narrow spacing between main crop rows might hinder establishment of a relayed cover crop, it reduces weeds.
Push-pull
The push-pull system developed for African cereal systems [70] (p. 24) is useful both for its control of maize stem-borer (Busseola fusca Lepidoptera: Noctuidae) and the parasitic witch weed (Striga). The way the system works is as follows [88] : maize is intercropped with silver-leaf desmodium (Desmodium uncinatum (Jacq.) DC.) and the fodder crop Napier grass (Pennisetum purpureum Schumach. 1827) is planted around the field border. Desmodium produces volatile chemicals which repel the stem-borer adult moths by giving a signal that the area is already infested. The moths are 'pushed' to the Napier grass where the larvae do not thrive. Furthermore, desmodium behaves as a 'false host' for witch weed stimulating its germination without being parasitized. In this way a desmodium cover crop can, through suicidal germination, practically eliminate Striga in a couple of seasons.
Direct Weed Management
Once weeds are established in a crop, then they must be dealt with by direct weed control which can include chemical, mechanical and biological methods.
Mechanical Methods in Ecological Weed Management
Ploughs and other soil-engaging implements have been (and are being) used in non-CA systems principally to control weeds without the need for very specific knowledge because soil inversion controls most weeds mechanically (i.e., by way of burying them or cutting below the soil surface). This type of management is not an option for CA where soil disturbance must be kept to an absolute minimum.
Avoiding ploughing requires other measures of weed control including the regular observation of the development of weed populations. When cover crops can be rolled and crimped at precisely the right growth stage to ensure their desiccation before main crop direct sowing, weed competition is minimal [89] .
Weed management in the growing crop should be achieved in the multiple ways discussed in this paper-principally through competition, but also with inter-row knife rollers [90] and the judicious use of herbicides where necessary. The aim is to minimize the yield-depressing effects on crops from weed competition for light, nutrients and moisture-and not necessarily to completely eliminate all traces of weeds [90] .
Manual control of residual weeds in CA main crops can be managed in smallholder CA systems through a combination of surface scraping with hand hoes [91] , slashing with machetes and hand-pulling or rogueing. Tall weeds growing in the main crop can be effectively controlled and prevented from producing seeds by a weed header as discussed earlier.
In some cases it might be sufficient to decapitate the weeds when they are flowering, in others they might be suppressed by cutting or rolling until the crop is tall enough to suppress the weeds.
Biological/Agronomic Methods in Ecological Weed Management
There is scope for increasing the control of weeds in CA through biological means, in addition to the increased crop/weed competition already discussed.
One example is the use of ducks in the duck-rice system. The use of animals to graze weeds is conceptually similar to weed seed predation [69] . The use of ducks for this purpose in the rice crop is popular in East Asia, especially in organic farming systems. Also the use of mobile cages with chickens on fields after harvest is practised in East Asia and can reduce weed seed populations while contributing fertilization. Other examples include [70] : fungal and insect control of Amaranthus and Convolvulus spp. However, it seems that the use of fungal and insect control methods has, to date, made a limited contribution to ecological weed management and the subject requires further research effort to realize its probably great potential.
Chemical Methods in Integrated Weed Management
It is beyond the scope of this section to go into further detail about the range of herbicides available to control weeds. The focus is on the best management practices for chemical desiccation, sustainable mechanization and the application of equipment relevant to smallholder farming systems, although a final note on herbicide seed coating is included.
With regard to the chemical desiccation of weeds, the recommendations are the same as for tillage-based systems, i.e.,
•
Water must be clean and free of suspensions. • It is always safer to use non-selective herbicides at the labelled rate. Lower rates than the recommended one may not completely eradicate the weed, increasing the chance that the weed will produce seed. Under these circumstances, weeds developing from such seeds are more likely to be resistant to the herbicide.
Changing herbicides from year to year or using different herbicides within the season (pre-and post-emergence) can prevent the build-up of resistant weed species. • Weeds should be sprayed during vigorous growth early in the morning after dew has dried or late in the evening. • Sprayers should always be tested before use for: correct operating pressure, nozzle overlap, individual volume/time discharge (calibrated for application volume). Aerial application of herbicides must be avoided.
In the case of a heavy green mass at desiccation, up to three weeks should be allowed between spraying and seeding to enable dissipation of allelopathic products from root decomposition. • However, in comparison to tillage-based systems, one category of herbicides is excluded from use in CA. These are pre-seeding herbicides which need to be incorporated into the soil.
Herbicide application equipment Equipment for appropriate herbicide application on smallholder farms is described in [90] . Where cover crops are grown in CA systems, their management can have similar characteristics to weed control and can also be achieved with herbicides. The equipment required can be powered by human or animal muscles or engine power and the most commonly used are sprayers equipped with hydraulic nozzles.
The most frequently used machine in smallholder CA systems is the ubiquitous lever-operated knapsack sprayer. Despite the relative simplicity of its design, knapsack sprayer operators will usually benefit from training in operation, calibration and maintenance [92] . One popular adaptation of the knapsack sprayer is to mount it on a wheeled chassis with one of the wheels operating the sprayer pump through an eccentric (Figure 4 ). With this configuration the operator can walk well ahead of the spray nozzles while applying herbicide uniformly over a wider boom width (usually 2 m). Weeds should be sprayed during vigorous growth early in the morning after dew has dried or late in the evening.
• Sprayers should always be tested before use for: correct operating pressure, nozzle overlap, individual volume/time discharge (calibrated for application volume). Aerial application of herbicides must be avoided.
The most frequently used machine in smallholder CA systems is the ubiquitous lever-operated knapsack sprayer. Despite the relative simplicity of its design, knapsack sprayer operators will usually benefit from training in operation, calibration and maintenance [92] . One popular adaptation of the knapsack sprayer is to mount it on a wheeled chassis with one of the wheels operating the sprayer pump through an eccentric (Figure 4 ). With this configuration the operator can walk well ahead of the spray nozzles while applying herbicide uniformly over a wider boom width (usually 2 m). Knapsack sprayers are ideal for the spot treatment of individual plants or clumps of weeds, they can be adapted for controlled inter-crop weed management with the use of a spray shield or hood which prevents herbicide contamination of the main crop [93] .
If draught animals or tractors (2-or 4-wheel) are available-either through individual ownership or via mechanization service providers-then conventional boom sprayers can be used with widths ranging up to 20 m or more ( Figure 5) . Other examples of herbicide application technologies for Knapsack sprayers are ideal for the spot treatment of individual plants or clumps of weeds, they can be adapted for controlled inter-crop weed management with the use of a spray shield or hood which prevents herbicide contamination of the main crop [93] .
If draught animals or tractors (2-or 4-wheel) are available-either through individual ownership or via mechanization service providers-then conventional boom sprayers can be used with widths ranging up to 20 m or more ( Figure 5) . Other examples of herbicide application technologies for smallholders, not as popular as spray delivery via hydraulic nozzles, include simple weed wipers (such as the Zamwipe fabricated in Zambia) and controlled droplet application (CDA) sprayers. The Zamwipe [22] consists of a herbicide-moistened wick (usually glyphosate) which is manually brought into contact with the weeds. CDA sprayers use much lower volumes than hydraulic nozzles and produce droplets within a narrow size spectrum for increased efficacy and reduced drift. The droplets are produced by rapidly spinning plates or cones with toothed extremities. brought into contact with the weeds. CDA sprayers use much lower volumes than hydraulic nozzles and produce droplets within a narrow size spectrum for increased efficacy and reduced drift. The droplets are produced by rapidly spinning plates or cones with toothed extremities. •
Seed coating
Worth mentioning under this section, in addition to the use of herbicide as described above, is herbicide seed coating to control Striga. The technology, designed as a component of integrated Striga control in maize, consists of a low-dose (30-45 g ha -1 ) of imazapyr, a systemic acetolactate synthaseinhibiting herbicide, used for coating of imidazolinone-resistant (IR) maize seed. The technology, successfully tested in East Africa holds promise for reduction of Striga infestation and yield increase in areas where the parasitic weed inflicts high yield loss on maize [94] .
Conclusions
Sustainable weed management, with its minimum use of herbicides, is an integrated approach to the challenge presented by the problem of weed interference and has a role to play in achieving sustainable crop production to feed the growing world population. Sustainable weed management comprises a suite of weed management options, including ecological weed management practices which preclude the use of herbicides. The underlying principle of sustainable weed management is to prevent the proliferation of weeds rather than to control them when they have appeared and started to cause damage. Also the aim is not always to eliminate weeds entirely, but to manage populations so that the impact on crop productivity is minimal. Critical to this process is the need for high levels of biodiversity manifested, for example, as crop rotations and associations with plenty of accommodation of natural weed and weed-seed predators. Cereal/legume combinations are important in this respect and agroforestry also has a key role to play in the future.
There are many success stories of weed management through ecological means. The use of leguminous cover crops is a prime example, but so, too, is the concept of 'push-pull'. Using crops themselves to manage weeds whilst at the same time managing insect pests is a helpful and hopeful pointer to further successful developments. Soil tillage is generally not an option for sustainable weed management. Learning to use crops as functional agronomic inputs and as a (partial) replacement of chemical fertilizers and herbicides is knowledge intensive and implies a substantial change in the management of the farm and in the system of beliefs that is difficult to change for most farmers. This calls for the need for more and sustained capacity development efforts to promote acceptance/adoption of elements of innovation. The sustainable management of weeds is best 
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Worth mentioning under this section, in addition to the use of herbicide as described above, is herbicide seed coating to control Striga. The technology, designed as a component of integrated Striga control in maize, consists of a low-dose (30-45 g ha -1 ) of imazapyr, a systemic acetolactate synthase-inhibiting herbicide, used for coating of imidazolinone-resistant (IR) maize seed. The technology, successfully tested in East Africa holds promise for reduction of Striga infestation and yield increase in areas where the parasitic weed inflicts high yield loss on maize [94] .
Conclusions
There are many success stories of weed management through ecological means. The use of leguminous cover crops is a prime example, but so, too, is the concept of 'push-pull'. Using crops themselves to manage weeds whilst at the same time managing insect pests is a helpful and hopeful pointer to further successful developments. Soil tillage is generally not an option for sustainable weed management. Learning to use crops as functional agronomic inputs and as a (partial) replacement of chemical fertilizers and herbicides is knowledge intensive and implies a substantial change in the management of the farm and in the system of beliefs that is difficult to change for most farmers. This calls for the need for more and sustained capacity development efforts to promote acceptance/adoption of elements of innovation. The sustainable management of weeds is best achieved through the employment of 'many little hammers', rather than reliance on the sledge-hammer blow of herbicides.
For smallholders, especially in developing countries, it is important that extension services are available to better identify weed flora and to increase knowledge on the ways to tackle weed management in a more sustainable manner. Transition to a CA system from a conventional one may require strong incentive and support, as the first years may bring more challenges than benefits. Access to seeds for cover crops or alternative crops also may need to be facilitated. Policy makers and service providers may also want to consider an enabling environment for improved access to the various mechanical options available [92] . The enabling environment may include services such as credit for farmers, crop insurance, or input incentives that favor CA practices. While farmers remain focused on season by season production, adoption of CA would remain a challenge. A longer term perspective is necessary to understand the full benefits of CA.
What does the future hold as successful smallholders move into the exacting realms of the commercial sector? Looking well ahead, one possible scenario may involve new developments employing robots that can detect weeds using computer vision [95] . Commercial robotic machines, using RTK GPS (Real Time Kinematic Geographical Positioning System) will be coming available for spot weed control with herbicide [96] , laser [97] ; and non-soil inversion mechanical weed control systems for no-till crops may also become a possibility [98] . Being light and cheap, robotic weeding machines have the potential to practically eliminate damaging soil compaction caused by the passage of heavy spray rigs during the weed management operation ( Figure 6 ). The use of small robot units operating in swarms and a cloud solution to plan, monitor and document all activities is underway in a collaborative project [99] . The current effort is concentrated on seeding but future use of big data sets will relate to soil compaction, plant diseases and weed management. Weed management options include mechanical cutting or spot application of herbicides in association with weed-mapping drones. As no blanket application is under consideration, this would be a useful step forward in reducing herbicide volumes in weed management [100] . achieved through the employment of 'many little hammers', rather than reliance on the sledgehammer blow of herbicides. For smallholders, especially in developing countries, it is important that extension services are available to better identify weed flora and to increase knowledge on the ways to tackle weed management in a more sustainable manner. Transition to a CA system from a conventional one may require strong incentive and support, as the first years may bring more challenges than benefits. Access to seeds for cover crops or alternative crops also may need to be facilitated. Policy makers and service providers may also want to consider an enabling environment for improved access to the various mechanical options available [92] . The enabling environment may include services such as credit for farmers, crop insurance, or input incentives that favor CA practices. While farmers remain focused on season by season production, adoption of CA would remain a challenge. A longer term perspective is necessary to understand the full benefits of CA.
What does the future hold as successful smallholders move into the exacting realms of the commercial sector? Looking well ahead, one possible scenario may involve new developments employing robots that can detect weeds using computer vision [95] . Commercial robotic machines, using RTK GPS (Real Time Kinematic Geographical Positioning System) will be coming available for spot weed control with herbicide [96] , laser [97] ; and non-soil inversion mechanical weed control systems for no-till crops may also become a possibility [98] . Being light and cheap, robotic weeding machines have the potential to practically eliminate damaging soil compaction caused by the passage of heavy spray rigs during the weed management operation ( Figure 6 ). The use of small robot units operating in swarms and a cloud solution to plan, monitor and document all activities is underway in a collaborative project [99] . The current effort is concentrated on seeding but future use of big data sets will relate to soil compaction, plant diseases and weed management. Weed management options include mechanical cutting or spot application of herbicides in association with weed-mapping drones. As no blanket application is under consideration, this would be a useful step forward in reducing herbicide volumes in weed management [100] . This paper has attempted to list and evaluate options for ecological and integrated weed management in CA. In practice the choice of method (or methods) will reflect the locally available technical options and the economic environment of the smallholder sector, and so no inflexible solutions can be proposed. The aim has been to fill a gap in the available information on weed management in CA systems and the hope is that interest will be heightened and viable options be more tailored to local conditions in the future.
Author Contributions: All six co-authors contributed equally to all phases of the paper preparation process. Figure 6 . A commercially available autonomous robotic solar-powered weeder. Its light-weight (130 kg) minimizes soil compaction (ecoRobotix, Yverdon-les-Bains, Switzerland). This paper has attempted to list and evaluate options for ecological and integrated weed management in CA. In practice the choice of method (or methods) will reflect the locally available technical options and the economic environment of the smallholder sector, and so no inflexible solutions can be proposed. The aim has been to fill a gap in the available information on weed management in CA systems and the hope is that interest will be heightened and viable options be more tailored to local conditions in the future.
